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We performed neutron powder diffraction measurements on (Bio. 5 Nao. 5 +a;)Ti 03 and 
(Bio.s_|_j,Nao.s)Ti 03 to study structural evolution induced by the non-stoichiometry. Despite the 
non-stoichiometry, the local structure (r < 3.5 A) from the pair distribution function analysis is 
barely affected by the sodium deficit of up to -5 mol%. With increasing pair distance, however, the 
atomic pair correlations weaken due to the disorder caused by the sodium deficiency. Although the 
sodium and the bismuth share the same crystallographic site, their non-stoichiometry have rather 
opposite effects as revealed from a distinctive distortion of the Bragg peaks. In addition, Rietveld 
refinement demonstrates that the octahedral tilting is continually suppressed by the sodium deficit 
of up to -5 mol%. This is contrary to the effect of the bismuth deficiency, which enhances the 
octahedral tilting. 

PACS numbers: 


I. INTRODUCTION 

(Bio.sNao.slTiOa (BNT) based solid solutions are 
one of the most promising candidates for replac¬ 
ing lead-containing electromechanical ceramics such as 
Pb(Zri_a;Tia;)03, and have been extensively studiedi^— . 
On the substitution of the sodium by the potassium ion, 
BNT undergoes a phase transition from rhombohedral to 
tetragonal structure^. Similarly, solid solution of BNT 
with BaTiOa exhibits rich structural phases^ii as a func¬ 
tion of composition and poling field with enhanced fer¬ 
roelectric response near the morphotropic phase bound¬ 
ary^. In addition, recent works report that a doping on 
perovskite A- and B-site^A£ modifies physical properties 
such as depolarization temperature, Td and piezoelec¬ 
tric constant (^33). For example, a doping of lanthanide 
ions^iiii on the A-site decreases the depolarization tem¬ 
perature, Td. Contrary, the B-site substitution of the 
iron and the manganese^dS enhances the Td. 

On the crystal structure of a doped BNT, it is found 
that the crystal structure approaches cubic phase with 
increasing addition of Lapi^. Also, a slight increase of the 
cell volume by the Fe doping is observedi^. These con¬ 
current structural modifications with the evolution of the 
Td hint an underlying role of the structure on the depo¬ 
larization temperature. In this paper, we report a struc¬ 
tural evolution of non-stoichiometric (Bio,5Nao.5-i-a:)Ti03 


and (Bio.5+yNao.5)Ti03 from neutron powder diffraction 
measurements. Using both atomic pair distribution func¬ 
tion analysisi^ and Rietveld refinement we investigate the 
local structural distortion below the atomic pair distance 
r^3.5 A as well as the long-range octahedral tilting in¬ 
duced by the sodium and the bismuth non-stoichiometry, 
respectively. 


II. EXPERIMENTS 

Stoichiometric (Bio,5Nao,5)Ti03, non-stoichiometric 
(Bio.5Nao.5-i-a;)Ti03 (a;=-5, -2, -|-I mol%) and 

(Bio.5_|_yNao,5)Ti03 (y=-l, -0.5, -l-I mol%) ceramic 
samples were prepared using a solid-state reaction. 
After calcination and intermediate ball milling powders 
were pelletized and sintered at 1150 °C for 2 h in air. 
The apparent densities of the pellets after the sintering 
were above ^ 95 % of the theoretical values, indicat¬ 
ing that all samples were prepared consistentl} d^d^ . 
Ceramic samples were crushed into fine powders and 
then annealed to relieve strain. Time-of-flight neutron 
powder diffraction measurements were performed on the 
NPDF instrument at the Los Alamos Neutron Science 
Center. Powder samples were loaded in vanadium cans 
and then mounted in a closed-cycle helium cryostat with 
Helium exchange gas. All measurements were performed 
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at T=180 K to reduce thermal contribution to structural 
features. 


III. RESULTS AND DISCUSSION 

Figure 1 summarizes the effects of the non¬ 
stoichiometry on (202) and (006) Bragg peaks. The tick 
marks in (a) are peak positions for the stoichiometric 
BNT represented by the symbol (- 0 -). Solid lines are 
those of the non-stoichiometric samples. First, note that 
the non-stoichiometry of the sodium (a,b) and the bis¬ 
muth (c,d) have rather opposite effects on the Bragg peak 
positions and shape. For the sodium deficient samples, 
the Bragg peak shifts toward higher d-spacing. In addi¬ 
tion, the peak becomes sharper and symmetric with in¬ 
creasing deficiency, much like the case of the lanthanum 
doped BNT—. In contrast, the Bragg peak position 
shifts toward lower d-spacing and the shoulder around 
d-spacing 2.25 A becomes pronounced due to the bis¬ 
muth deficiency. Unlike the sodium excess, the bismuth 
excess barely affects the Bragg peak positions and shape. 
Overall, these results emphasize the distinctive role of the 
sodium and the bismuth deficiency/excess on the lattice 
distortion. 

The A-site deficiency of Bi/Na ion generates oxygen 
vacanciesi^ which induce a distortion of the octahedral 
unit, and thus affects a local displacement of Ti ioni^ and 
induces a leakage conductivity in ferroelectric BNT—. 
To examine the local structural distortion induced by 
the A-site deficiency we performed neutron pair distribu¬ 
tion function (PDF) analysis on stoichiometric BNT and 
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FIG. 1: (color online) Effects of non-stoichiometry on (202) 
and (006) Bragg peaks. Symbol (- 0 -) represents the Bragg 
peak of stoichiometric (Bio.sNao.s)Ti 03 and solid lines are 
those of non-stoichiometric samples. The tick marks in (a) 
are Bragg peak positions for the stoichiometric sample. Note 
that the non-stoichiometry of sodium (a,b) and bismuth (c,d) 
have distinct influences on Bragg peak positions and shape. 


sodium -5 mol% deficit BNT. PDF spectra were obtained 
via Fourier transform of experimental total scattering 
structure functionsi^ with Qniax=25 after data re¬ 
duction using the program PDFgetNi^. In Fig. 2(a), the 
first few peaks correspond to Ti-0, Bi/Na-0, and 0-0 
bonds. The Ti-0 bond appears as a negative peak due to 
a negative neutron scattering length of the titanium. In 
addition, the doublet peak shape indicates that the Ti ion 
is off-centered in an oxygen octahedro n^^i^° . Note that 
the PDF spectra of the stoichiometric (open circles) and 
sodium -5 mol% deficit (solid line) BNT overlap quite 
nicely up to the pair distance r'^3.5 A. This result indi¬ 
cates that the local structures around the Ti ion and of 
the oxygen octahedron are little affected by the sodium 
deficiency. However, as the difference curve in Fig. 2(b) 
indicates, the deviation between the two spectra becomes 
larger at higher-r. The increasing discrepancy reflects a 
weakening of the atomic correlations due to a structural 
disorder in the sodium deficient sample. 

We now focus on the long-range structural evolution 
of BNT induced by the non-stoichiometry. The crystal 
structure of ferroelectric BNT is somewhat controversial. 
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FIG. 2: (color online) Neutron PDF spectrum of stoichiomet¬ 
ric (Bio. 5 Nao. 5 )Ti 03 (open circle) and sodium -5 mol% deficit 
BNT (solid line) at T=180 K obtained via Fourier transform 
of structure function with Qinax=25 A~^. (a) The first few 
peaks correspond to Ti-0, Bi/Na-O, and 0-0 bond, (b) The 
difference curve at the bottom indicates that the discrepancy 
between the two spectra increases with increasing pair dis¬ 
tance due to the sodium deficiency. 
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Originally, it was reported as rhombohedral RZc struc¬ 
ture by Jones and Thomas^i by using neutron powder 
diffraction measurements. In the subsequent high reso¬ 
lution x-ray diffraction measurements, however, a subtle 
peak splitting was observed in a sintered powder sample 
and monoclinic Cc structure^^ was proposed. More com¬ 
plex picture was proposed by Rao et al. on electrically 
poled and thermally annealed specimens^^. The authors 
found that both rhombohedral and monoclinic phases co¬ 
existed in the thermally annealed sample. In addition, 
the fraction of the i?3c phase was increased by applying 
an external electric field and a mechanical grinding. In 
recent, the structural ambiguity of BNT has been rein¬ 
vestigated by using a convergent beam electron diffrac¬ 
tion of unpoled single crystals. The results show that 
defect-free BNT has an average i?3c symmetry over a few 
nanometer length scale. Near defects such as antiphase 
boundary and domain walls, however, the material will 
have a monoclinic symmetry^!. In our Rietveld analy¬ 
sis we tried both rhombohedral and monoclinic phases 
to refine neutron powder diffraction pattern of the stoi¬ 
chiometric BNT at 180 K. We found that the fitting with 
rhombohedral i?3c phase was more stable and easily con¬ 
verged with less number of parameters than that using 
monoclinic Cc phase. Thus, we kept the R3c phase and 
used it for the refinement of the other non-stoichiometric 
samples. 

Figure 3 shows representative refinements on a bismuth 
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(a) o {Bi^gNagg)Ti 03 : Bi-1 mol% deficit 
-Rietveld fitting 


R =3.17% 



(b) o (Big gNSp g)Ti 03 : Na 1 mol% excess 
- Rietveld fitting 

R = 3.05% 
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deficit (-1 mol%) and a sodium excess (1 mol%) samples 
using GSAS^ interfaced by EXPGUI^^. Solid line rep¬ 
resents a Rietveld fitting using rhombohedral R3c struc- 
ture^i. Tick marks indicate Bragg peak positions. Also 
shown is a difference curve between the experimental and 
the model patterns. In the Rietveld refinements, lattice 
and thermal parameters as well as atomic positions were 
refined along with absorption and background correc¬ 
tions. The bismuth and the sodium ions are assumed to 
share the same crystallographic position. High quality of 
the fitting confirms that all samples maintain the average 
R3c structure. Despite the presence of heavy ion (Bi), the 
atomic positions of the oxygen ion were reliably refined 
due to a large scattering contrast of oxygen in the neu¬ 
tron diffraction. Based on these structural information 
we calculated the octahedral tilting angle^i as a func¬ 
tion of the sodium and the bismuth non-stoichiometry, 
respectively. 

In the rhombohedral BNT, the antiphase octahedral 
tilting (a“a“a“ Glazer tilt system)^!^ is coupled with 
cation displacements^! and plays an important role for 
the stability of the ferroelectric phase. The tilting ap¬ 
pears at around 670 K and increases with decreasing 
temperature, saturating to ~ 9.5° at 5 K^i. Figure 0] 
shows the octahedral tilting angle w as a function of the 
sodium (■) and the bismuth (Q) non-stoichiometry at 
180 K. For the sodium non-stoichiometric BNT (■), the 
antiphase octahedral tilting angle evolves with a posi¬ 
tive slope as a function of the non-stoichiometry. At the 
sodium deficit of -5 mol%, the tilting angle is suppressed 
to ^8.9°. With the sodium excess of 1 mol%, however. 
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FIG. 3: (color online) Neutron powder diffraction patterns 
(open circle) of a bismuth -1 mol% deficit and a sodium 
1 mol% excess sample, respectively. Solid line represents a 
Rietveld fitting using rhombohedral RSc structure at 180 K. 
Tick marks represent Bragg peak positions. Also shown are 
the difference curves between experimental and model pat¬ 
terns. 


FIG. 4: (color online) (a) Antiphase octahedral tilting 

(a“a“a“ Glazer tilt system) of non-stoichiometric BNT. 
Closed square and open circle are for sodium and bismuth 
non-stoichiometric samples, respectively. Dotted lines are 
guides to the eye. The inset shows the projection of the rhom¬ 
bohedral structure with a counter-clockwise tilting. 
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the tilting is enhanced to ^ 9.85°. Effectively, the change 
of the tilting angle between -5 mol% < a; < 1 mol% is 
equivalen1)2i to the the temperature variation of about 
100 °C, and reflects the instability of the ferroelectric lat¬ 
tice to the sodium non-stoichiometry. For the bismuth 
non-stoichiometric BNT (O)) the tilting trend is more 
or less opposite to that of the sodium non-stoichiometric 
BNT i.e. the tilting increases slightly with the deficiency 
of the bismuth, exhibiting a negative slope. This is an 
interesting contrast, indicating that the sodium and the 
bismuth play a distinct role on the crystal structure of 
BNT. In fact, recent studies using neutron total scatter¬ 
ing analysis show that the displacement of Bi^+ is about 
twice larger— than that of Na+. As a result, an oc¬ 
tahedron tilting which is coupled to the A-site ionic dis¬ 
placements would be different around the sodium and the 
bismuth ions, respectively. The disparity of the octahe¬ 
dral tilting around Bi^+ and Na"*" imposes an important 
structural feature such as nano-scale tilting disorder—, 
which is observed by transmission electron microscopic 
studies. With A-site non-stoichiometry, the tilting dis¬ 
order will be increased due to a fluctuation of the local 
chemistry and the resultant variation of the octahedral 
tilting angle. 

IV. CONCLUSION 

Using neutron powder diffraction studies, we find that 
the local structure of BNT below the atomic pair distance 


r < 3.5 A is little influenced, contrary to the noticeable 
suppression/enhancement of the long-range oxygen octa¬ 
hedral tilting by the A-site non-stoichiometry. In addi¬ 
tion, we report that the sodium and the bismuth non¬ 
stoichiometry induce a rather opposite octahedral tilting 
evolution. These results provide a structural hint for a 
disparity of the tilting behavior around Bi^+ and Na+, 
which leads to a local tilting disorder. 
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